Introduction
============

Non-small cell lung cancer (NSCLC) accounts for about 85% lung cancer cases throughout the world and is one of the most serious malignancy with high incidence, mortality, and poor survival [@B1]. The tumor microenvironment is composed of cancer cells and various stromal cells including cancer-associated fibroblasts (CAFs), endothelial cells, macrophages, and infiltrating immune cells, and has been seen a key contributor for cancer progression, epithelial-mesenchymal transition, angiogenesis, metastasis, and development of drug resistance [@B2], [@B3]. Therefore, therapies designed to target the cellular components of tumor microenvironment have started to be applied in clinical treatments [@B3], [@B4].

Macrophages are innate immune cells and have an essential role in the host defense and maintenance of tissue homeostasis [@B5]. The circulating monocytic precursor cells can extravasate into target tissues where they differentiate and polarize into distinct macrophage subtypes to deal with various microenvironmental challenges [@B3]. Each polarized macrophage exhibits a distinguishing expression profile of cytokines, enzymes, and surface markers. According to their function, polarized macrophages are generally classified into two groups: classical M1 and alternative M2 macrophages [@B6]. The M1 macrophages is driven by Toll-like receptor (TLR) signals and Th1 cytokine interferon-γ (IFN-γ). They are defined by the high production of pro-inflammatory cytokines such as interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α). Moreover, the M1 macrophages have high activities for tumor-specific antigen presentation by the increased expression of major histocompatibility complex class I (MHC-I) and class II (MHC-II) molecules. Hence, the M1 macrophages are regarded as a vital cellular component in the inflammatory response and antitumor immunity [@B7]. On the contrary, the Th2 cytokines interleukin-4 (IL-4) and interleukin-13 (IL-13) can induce the conversion of macrophages to the M2 phenotype which display anti-inflammatory and pro-tumorigenic activities [@B6].

The macrophages which are recruited by tumor cells and infiltrate into tumor tissues are commonly termed tumor-associated macrophages (TAMs). TAMs were considered with the same immunosuppressive effects as M2 macrophages in tumor progression [@B8]. Numerous clinical studies have reported that the TAM counts in tumors are correlated with poor-patient prognosis and survival in many cancers, and the high M1/M2 ratio of TAMs has significant association with the extended survival in cancer patients [@B9], [@B10]. Therefore, TAMs may be the potential targets for cancer therapy.

Activation of apoptosis signals is an important strategy for tumor therapies. Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is one member of tumor necrosis factor (TNF) superfamily and selectively induces apoptosis in tumor cells through death receptor-mediated extrinsic pathways, but not in normal cells [@B11]. The trimerized TRAIL binds to the cell surface death receptor 4 (DR4) and death receptor 5 (DR5) and causes the engagement. Subsequently, Fas-associated death domain (FADD) and procaspase-8 are recruited to form the death-inducing signaling complex (DISC). DISC activates caspase-8 and cleaves procaspase-3 directly. The activated caspase-3 cleaves the downstream DNA fragmentation factor 45 (DFF45), leading to apoptotic cell death [@B12], [@B13]. Systemic administration of TRAIL reduces the mammary adenocarcinoma growth in mice without obvious toxic effects that were commonly associated with the treatment of FasL or TNF-α [@B14]. Therefore, TRAIL is a potential drug candidate and clinical studies are currently being conducted with recombinant human TRAIL, also called dulanermin, as a promising cancer therapy [@B15].

Preclinical studies revealed that approximately half of the NSCLC cell lines were resistant to the apoptosis induced by TRAIL receptor targeting agents [@B16]. Thus, several studies have developed TRAIL-functionalized nanoparticles for efficient activation of apoptosis [@B17], [@B18]. Here, we use nanogold bound with multiple TRAIL ligands to develop nanogold-TRAIL complexes. We expect that the multivalent property of nanogold-TRAIL complexes can selectively promote death receptor activation in M2 macrophages, but not M1 macrophages or normal cells. We demonstrate that this novel strategy may increase the M1/M2 ratio and improve the TRAIL-based therapy for NSCLC treatment.

Materials and Methods
=====================

Expression and purification of the recombinant human TRAIL protein
------------------------------------------------------------------

The recombinant bioactive TRAIL proteins (corresponding to amino acids 95-281) were expressed and purified using histidine-tagged human TRAIL complementary DNA cloned into the pRSETb plasmid [@B19]. The recombinant TRAIL proteins were expressed in IPTG induced Escherichia coli BL21 (DE3) cells and purified using immobilized metal-ion affinity chromatography Talon^®^ metal affinity resins (Clontech, USA) according to the recommendations of the manufacturer. The purified TRAIL proteins were detected by immunoblotting using an anti-His tag monoclonal antibody (GeneTex, USA).

Preparation of various nanoparticles
------------------------------------

The citrate-capped nanogolds with various diameters were purchased from Yu-Shing Biotech Co., Ltd., Taiwan. The superparamagnetic iron oxide nanoparticles (SPIO) were prepared by chemical co-precipitation [@B20]. FeCl~2~· 4H~2~O (8.95 g) and FeCl~3~· 6H~2~O (18.25 g) were dissolved in 150 ml distilled water. The solution was slowly added 50 ml NaOH with stirring for 30 min, followed by a colour change from light brown to black. Fe~3~O~4~ NPs formed as the precipitate and were then washed three times in distilled water by centrifugation. Sodium oleate was added to the Fe~3~O~4~ solution with vigorous stirring for 30 min and then the excess surfactant was removed via dialysis [@B20]. The nanogolds with 30 nm diameter (GNT30, Gold NanoTech Co., Ltd., Taiwan) were produced via physical manufacturing without any surface modifiers or stabilizers [@B21].

Adsorption of TRAIL on various nanogolds
----------------------------------------

The recombinant TRAIL proteins were dialyzed in phosphate buffer (10 mM) by a centrifugal ultrafilter (30 kDa MWCO, Millipore, USA). To prepare the nanogold-TRAIL complexes, TRAIL proteins (50 μg) were added to 1 ml of different nanogold solutions (Evernew, Taiwan, 200 μg/ml of nanogolds with various sizes) and were stirred for 10 min, and then the solution was centrifuged at 12,000×g (at 4ºC) for 30 min to remove unbound excess TRAIL proteins. The pellet was resuspended in 10 mM phosphate buffer. The protein concentration in the supernatant was measured using a micro BCA assay kit (G-biosciences). The amount of TRAIL proteins bound to the surface of nanogolds was calculated using the following formula: protein bound to nanogolds = total protein added - protein in the supernatant solution [@B22].

Characterization of the nanogold-TRAIL complexes
------------------------------------------------

The nanogolds were diluted to 50 μg/ml, cast on a mesh copper grid, and dried out at the fume hood. The sizes and shapes of various nanogolds were determined by transmission electron microscopy (TEM, JEM-1200EX II, JEOL, Japan). The UV-visible spectroscopy, dynamic light scattering (DLS), and zeta potential were used to identify the features of nanogolds coated with TRAIL proteins. The absorption spectra of different nanogolds and nanogold-TRAIL complexes were recorded from 400-700 nm with an interval of 1 nm by UV-visible spectroscopy (SpectraMax® M5, Molecular Devices, USA). The hydrodynamic sizes of all nanogolds and nanogold-TRAIL complexes were measured by DLS using a cumulant method. The zeta potential values were determined by the electrophoretic light scattering measurements. Each measurement of size and zeta potential was performed at 25°C by a submicrometer particle analyzer (Delsa Nano Analyzer, Beckman Coulter). The average value was represented by the arithmetic mean (± standard deviation) from three different samples.

Cell culture of M0 macrophages and induction of M1 and M2 macrophages
---------------------------------------------------------------------

Human monocytic THP-1 cells were grown in continuous culture in Roswell Park Memorial Institute medium (RPMI 1640, Gibco) supplemented with 10% heat inactivated fetal bovine serum (FBS, Gibco) and 10 mg/l penicillin-streptomycin. Cells were maintained in a humidified incubator at 37ºC and 5% CO~2~, and subcultured twice per week. THP-1 monocytes were differentiated into macrophages by incubation with 200 ng/ml phorbol 12-myristate 13-acetate (PMA, caymanchem) for 48 h. For M1 polarization, macrophages were incubated with 20 ng/ml of human interferon gamma (IFN-γ, peprotech) and 200 ng/ml of lipopolysaccharide (LPS, Sigma). For M2 polarization, macrophages were incubated with 20 ng/ml of interleukin 4 (IL-4, peprotech) and 20 ng/ml of interleukin 13 (IL-13, peprotech).

L929 murine fibroblast cell line, and bovine endothelial cells (BECs) were used to evaluate the selective cytotoxicity of nanogold-TRAIL complexes. L929 cells were maintained in Dulbecco\'s Modified Eagle\'s Medium (DMEM, Gibco) high glucose with 10% FBS (Gibco) and 10 mg/l penicillin-streptomycin. BECs were cultured in DMEM low glucose (Gibco) containing 10% FBS (Gibco) and 10 mg/l penicillin-streptomycin.

Cell viability by the Cell Counting Kit-8 (CCK-8) assay
-------------------------------------------------------

Cells (2×10^4^) were plated in 96-well plates for 24 h and then incubated with different concentrations of TRAIL or nanogold-TRAIL in RPMI-1640 medium. Following 24 h incubation, the cell viability was determined by the CCK-8 assay (Sigma). Cell viability was determined as percent of viable cells relative to an untreated control. IC~50~ was defined as the protein concentration causing a 50% decrease of absorbance at 450 nm compared with the untreated control. The absorbance was measured at 450 nm using a microplate reader (SpectraMax® M5, Molecular Devices, USA).

Cell vitality and apoptosis by fluorescence staining
----------------------------------------------------

The cellular health of M2 macrophages was evaluated by VitBright-48™ (VB-48, Chemometec) and propidium iodide (PI, Chemometec). VB-48™ was used to determinate the level of thiols, such as reduced glutathione (GSH), which is involved in the progression of cell death. M2 macrophages (1 × 10^6^) were incubated with TRAIL or nanogold-TRAIL for 4 h and washed with PBS. Cells were collected by trypsinization and centrifugation. Cells were stained with VB-48™ and PI for 5 min. For cell cycle analysis, M2 macrophages (1 × 10^6^) were incubated with TRAIL or nanogold-TRAIL for 8 h. Cells were stained with 4\',6-diamidino-2-phenylindole (DAPI, chemometec) at 37°C for 5 min. The cellular fluorescence is analyzed and quantified by the NucleoCounter® NC-3000™.

Analysis of CD markers and *O*-glycosylation expression by flow cytometry
-------------------------------------------------------------------------

THP-1 monocytes were seeded in 6-well plates at 5×10^5^ cells/well and were treated with PMA. After incubation with LPS/IFN-γ or IL-4/IL-13 for 48 h, cells were washed with PBS and detached with the culture medium. Cell suspension was centrifuged for 5 min at 1000 rpm and the pellet resuspended with 1 ml of PBS. This washing step was performed twice. The cell pellets were resuspended with 4 % paraformaldehyde in PBS and incubated for 15 min at 4 °C. After the washing step was performed twice by centrifugation in PBS, the cells were incubated with primary anti-CD86 (Abcam), anti-CD206 (Abcam), anti-O-linked N-acetylglucosamine (O-GlcNAc, Genetex) antibodies, and the control isotype (Genetex) in phosphate-buffered saline containing 0.1% (v/v) Tween-20 (PBST) and 2% bovine serum albumin (BSA) and incubated for 2 h at 4°C. After the washing step was performed twice by centrifugation in PBST, the cells were incubated with secondary antibodies with Alexa Fluor® 488 (abcam) corresponding to each primary antibody in PBST with 2% BSA and incubated for 2 h at 4 °C. After the washing step was performed twice by centrifugation in PBST, the cells were resuspended in 1 ml of PBST. Cells were then analyzed the fluorescence intensity by flow cytometry (FACScalibur, BD Biosciences).

Cytokine profiling by the enzyme-linked immunosorbent assay (ELISA)
-------------------------------------------------------------------

THP-1 monocytes were seeded in 6-well plates at 5×10^5^ cells/well and were treated with PMA. After incubation with LPS/IFN-γ or IL-4/IL-13 for 48 h, secreted cytokines were analyzed in cell culture medium by ELISAs (R&D Systems).

Quantitative real time reverse transcription-polymerase chain reaction (qRT-PCR) analysis
-----------------------------------------------------------------------------------------

The levels of mRNA expression for macrophage markers, death receptors and *O*-glycosylation enzymes were analyzed by qRT-PCR. Total cellular RNA were isolated by Trizol® reagent (Invitrogen). The extracted RNA was reverse-transcribed into cDNA by the RevertAid First Strand cDNA Synthesis Kit (MBI Fermentas, St. Leon-Rot, Germany). qRT-PCR was performed in a StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific Inc, USA) by the DyNAmo Flash SYBR Green qPCR Kit (Finnzymes Oy, Espoo, Finland). Products were detected using primers for *CD36*, *CD68*, *DR4*, *DR5*, *Polypeptide N-Acetylgalactosaminyltransferase 14 (GALNT14)*, *fucosyltransferase 6* (*FUT6)*, and *glyceraldehyde 3-phosphate dehydrogenase* (*GAPDH*). The levels of gene expression were normalized to those of GAPDH. The normalized values were shown as the relative ratio compared to that in the mock group. The primer sequences used in this study are listed in Supplementary Table [S1](#SM0){ref-type="supplementary-material"}.

Caspase 8 and caspase 3 activity assay
--------------------------------------

The colorimetric caspase 8 and caspase 3 assay (BioVision, USA) was performed according to the manufacturer\'s instructions. Briefly, after 6 h treatment with TRAIL or nanogold-TRAIL, cells were lysed and centrifuged at 12,000 g (30 min, 4ºC). The equal amount of protein (50 µg) of cell lysates for each group was reacted with the mixture containing substrates of caspase 8 or caspase 3 for 2 h at 37°C. The absorbance was measured at 405 nm by the microplate reader (SpectraMax® M5, Molecular Devices, USA).

Statistical analysis
--------------------

Data were shown as the mean ± standard deviation. Each type of experiment was executed independently for multiple times to assure reproducibility. Typical data were displayed in this study. Statistical differences among the experimental groups were evaluated by analysis of variance followed by one-way ANOVA. The *p-*value less than 0.05 was considered significant.

Results
=======

Characterization of polarized macrophages
-----------------------------------------

The suspended human THP-1 monocytes were differentiated into macrophages by incubation with PMA. The differentiated M0 macrophages became adherent and had the spindle or circular morphology. M0 macrophages also showed the increase in the gene expression of macrophage markers (CD36 and CD68) compared to THP-1 monocytes (Supplementary Figure [S1](#SM0){ref-type="supplementary-material"}). M0 macrophages further treated with LPS/IFN-γ for M1 polarization demonstrated a dendritic-like morphology with large filopodia, whereas M2 macrophages remained the spindle or round shape (Figure [1](#F1){ref-type="fig"}A). Next, we assessed the macrophage polarization by flow cytometric analysis of CD surface markers. M1 macrophages had greater CD86 expression than M2 macrophages, and M2 macrophages had greater CD206 expression than M1 macrophages (Figure [1](#F1){ref-type="fig"}B). Besides, M1 macrophages displayed more pro-inflammatory cytokines, TNF-α and IL-1β, compared to M2 macrophages (Figure [1](#F1){ref-type="fig"}C). Meanwhile, the protein expression levels of immunosuppressive cytokines, IL-10 and TGF-β, were greater in M2 macrophages than in M1 macrophages (Figure [1](#F1){ref-type="fig"}D).

*O*-glycosylation controls polarized macrophage sensitivity to TRAIL
--------------------------------------------------------------------

To examine the cytotoxicity of TRAIL in polarized macrophages, both M1 and M2 macrophages were treated with TRAIL, respectively. After the incubation with TRAIL protein, M1 macrophages kept a dendritic morphology (Figure [2](#F2){ref-type="fig"}A) and had no obvious change in viability (Figure [2](#F2){ref-type="fig"}B). Meanwhile, many M2 macrophages showed shrinkage in shape and exhibited lower viability after TRAIL treatment (Figure [2](#F2){ref-type="fig"}A and B). Since death receptor mediated the TRAIL signaling, we evaluated the expressions of death receptors *DR4* and *DR5* in M1 and M2 macrophages. The gene expressions of *DR4* were the same in both M1 and M2 macrophages, but the *DR5* gene expression in M2 macrophages was a little higher than that in M1 macrophages (Figure [2](#F2){ref-type="fig"}C). Consistent with the result of DR4, the expression level of DR5 protein in M2 macrophages was also slightly higher than that in M1 macrophages (Figure [2](#F2){ref-type="fig"}D). Nevertheless, the affinity of TRAIL in M2 macrophages was 3.5 folds greater than that in M1 macrophages (Figure [2](#F2){ref-type="fig"}D). Since the *O*-glycosylation level of cells modulated the cell sensitivity to TRAIL proteins, we compared *O*-glycosylation level between M1 and M2 macrophages. The mRNA expressions of *GALNT14* and *FUT6* genes, encoding the *O*-glycan processing enzymes, were markedly greater in TRAIL sensitive M2 macrophages versus TRAIL resistant M1 macrophages (Figure [2](#F2){ref-type="fig"}E). By flow cytometric analysis of antibodies directed against glycan structures, we further confirmed that M2 had a greater *O*-glycosylation level than M1 macrophages (Figure [2](#F2){ref-type="fig"}F). These results indicate that the level of *O*-glycosylation may facilitate the sensitivity of TRAIL in different polarized macrophages.

Synthesis and basic properties of nanogold-TRAIL complexes
----------------------------------------------------------

The molecular weight of purified recombinant human TRAIL was about 26 kDa and could be recognized by anti-His antibody (Supplementary Figure [S2](#SM0){ref-type="supplementary-material"}A and B). Furthermore, it exhibited obvious cytotoxicity to H460 cells, which were TRAIL-sensitive cells (Supplementary Figure [S2](#SM0){ref-type="supplementary-material"}C). Hence, the purified recombinant human TRAIL had the right molecular weight and bioactivity. The regulation by ligand-coated nanoparticle on the process of membrane receptor signals is strongly dependent on the nanoparticle size [@B23]. Here, the recombinant human TRAIL proteins conjugated onto citrate-coated nanogold surface with various size (3, 13, and 30 nm) were prepared to generate multivalent properties of nanoparticle-ligand complexes (G3T, G13T, and G30T). TEM images showed that 3 nanogolds of each size had spherical shape with a rather uniform size (Figure [3](#F3){ref-type="fig"}A). The diameter and zeta potential of these nanoparticles determined by light scattering are shown in Supplementary Table [S2](#SM0){ref-type="supplementary-material"}. The hydrodynamic sizes of various nanogolds were larger than those obtained from TEM images. Since nanogolds were conjugated with TRAIL protein, all nanogold-TRAIL complexes had larger hydrodynamic diameters and less negative zeta potential than uncoated nanogolds. Moreover, G3, G13, and G30 had strong visible light absorption with peaks at 514, 519, and 524 nm in the spectra, which were shifted to 521, 525, and 530 nm after TRAIL conjugation, respectively (Figure [3](#F3){ref-type="fig"}B). The absorbed amount of TRAIL on various nanogolds (1 μg) were about 0.25 μg in G3, 0.13 μg in G13, and 0.1 μg in G30, respectively. We further examined the cytotoxicity of various nanogold-TRAIL complexes in M2 macrophages. As shown in Figure [3](#F3){ref-type="fig"}C, the viability of M2 macrophages was reduced to 75-80% after free TRAIL treatment. The cell viability was decreased more remarkably by the treatment of nanogold-TRAIL complexes vs. the free TRAIL. The nanogold-TRAIL (G3T, G13T, and G30T) treated M2 macrophages only demonstrated 30-55% viability. Furthermore, G30T caused the greatest reduction in cell viability among the nanogold-TRAIL complexes (Figure [3](#F3){ref-type="fig"}C). These results indicated that the cytotoxic effect of TRAIL on M2 macrophages by TRAIL was augmented after TRAIL was bound to nanogolds. Moreover, the cytotoxicity was dependent on the size of the nanogold-TRAIL complexes, with nanogolds of 30 nm demonstrating the most significant effect.

Nanogold-TRAIL complexes exhibit selective cytotoxicity to polarized macrophages
--------------------------------------------------------------------------------

To evaluate the sensitivity of polarized macrophages to nanogold-TRAIL induced cytotoxicity, M1 and M2 macrophages were incubated with various concentrations of TRAIL and G30T. As shown in Figure [4](#F4){ref-type="fig"}A, the cell viability of M1 macrophages was only slightly decreased after TRAIL or G30T treatment of various concentrations. On the other hand, G30T treated M2 macrophages showed much lower cell viability with the same protein dosage of TRAIL. The IC50 values for TRAIL and G30T were 2232 ng/ml and 75 ng/ml, respectively. In another word, the G30T showed about 30 fold increase in cytotoxicity for M2 macrophages compared to TRAIL (Figure [4](#F4){ref-type="fig"}B). Furthermore, nanogolds of various sizes demonstrated no obvious cytotoxicity in M2 macrophages (Supplementary Figure [S3](#SM0){ref-type="supplementary-material"}). To verify the safety, we also evaluated the sensitivity of normal cells to nanogold-TRAIL induced cytotoxicity. For both fibroblasts and endothelial cells, the cell viabilities were not significantly reduced by TRAIL and G30T at various doses (Figure [4](#F4){ref-type="fig"}C and D). Moreover, the viability of endothelial cells slightly increased at high doses of TRAIL or G30T treatments. These data suggested that TRAIL bound to the nanogold surface resulted in an obvious increase of cytotoxicity in M2 macrophages while remained the selectivity and nontoxicity in M1 macrophages and normal cells.

Nanogold-TRAIL complexes induce apoptosis via a caspase dependent pathway in M2 macrophages
-------------------------------------------------------------------------------------------

We investigated the signal pathways trigged by G30T in M2 macrophages. As shown in Figure [5](#F5){ref-type="fig"}A, G30T induced higher activities of caspase-8 and caspase-3 than TRAIL. Since high levels of reactive oxygen species (ROS) are associated with apoptosis, we also compared the glutathione (GSH) level by the VB-48™ intensity of M2 macrophages after TRAIL and G30T treatments. Following the G30T treatment, M2 macrophages exhibited significantly less fluorescence intensity of VB-48™ and more fluorescence intensity of PI, indicating that G30T induced more intracellular ROS and cell death (Figure [5](#F5){ref-type="fig"}B-D). Consistently, M2 macrophages exhibited more sub-G1 phase populations in the group of G30T treatment vs. the group of TRAIL treatment (Figure [5](#F5){ref-type="fig"}E and F). These studies demonstrated that the nanogold-TRAIL complexes caused stronger cytotoxicity via inducing apoptosis signals in M2 macrophages.

Nanoparticle enhanced TRAIL cytotoxicity is dependent on nanoparticle properties
--------------------------------------------------------------------------------

Since the nanoparticle-ligand interaction may interfere with the original activity of ligands, we further investigated the activity of TRAIL cytotoxicity after conjugation with different nanoparticles. We used superparamagnetic iron oxide nanoparticles (5 nm, SPIO) and physically manufactured nanogolds (30 nm, GNT30) to form TRAIL conjugation, namely SPIO-T and GNT30T, respectively. The amounts of adsorbed TRAIL on SPIO and GNT30 were 0.2 and 0.08 μg, respectively. As shown in Figure [6](#F6){ref-type="fig"}A, G3T (nanogold core with a size close to SPIO) induced more morphological shrinkage of M2 macrophages than SPIO-T or TRAIL alone. The cytotoxicity of TRAIL was enhanced after conjugation with G3 but not with SPIO of a similar size (Figure [6](#F6){ref-type="fig"}B). Moreover, the cytotoxic effect of G30T on M2 macrophages was more pronounced than that of GNT30T with a similar nanogold core size. Meanwhile, GNT30 had slight cytotoxicity in M2 macrophages at high concentrations, but SPIO did not (Supplementary Figure [S4](#SM0){ref-type="supplementary-material"}). These data suggested that the biological effects of TRAIL conjugated on nanoparticles of different characteristics may be distinct.

Discussion
==========

Inflammatory responses play diverse roles at different steps of tumor progression, such as initiation, promotion, malignant conversion, invasion, and metastasis and have been seen as the seventh hallmark of cancer [@B24], [@B25]. TAMs have a phenotype similar to M2-polarized macrophages and are key mediators of the link between inflammation and cancer [@B26]. It has been reported that patients with the high infiltration intensity of M2-polarized TAMs have the negative correlation with tumor progression and poor patient outcome [@B27]. As M2-polarized TAMs plays an important role in the prognosis of tumor, targeting M2-polarized TAMs also means a novel direction for the therapeutic strategies. Results from our current study showed an important example for TRAIL modulated apoptosis by *O*-glycosylation. Our data revealed that M2 macrophages had greater levels of expression of specific *O*-glycosyltransferases and *O*-GlcNAc glycosylated proteins than M1 macrophages, and in literature the glycosylation levels were significantly correlated with the sensitivity to the TRAIL in some cancer cells [@B28]. Consistent with these results, we observed that M2 macrophages had higher affinity and more sensitivity to TRAIL than M1 macrophages. We further used benzyl-2-acetamido-deoxy-α-D-galactopyranoside (benzyl-α-GalNAc) to inhibit the O-glycosylation level of M2 macrophages. The cell viability of M2 macrophages was rescued with G30T treatment after benzylGalNAc incubation (Supplementary Figure [S5](#SM0){ref-type="supplementary-material"}). Hence, we considered that the O-glycosylation was correlated with TRAIL-nanogolds induced cell death. These findings suggested that targeting the *O*-glycosylation level of M2 macrophages may help cancer patients to respond to TRAIL-based therapy.

DISC formation plays an important role to initiate apoptotic signals through death receptor aggregation. Nanoparticles with multivalent properties by coating targeting molecules play a role in vector delivery to increase payload influx and imaging detection [@B22]. Furthermore, nanoparticles can be conjugated to ligands to regulate receptor distribution and downstream cell signals [@B22], [@B29]. In this work, we applied nanogolds coated with TRAIL as a new strategy to improve TRAIL-based therapy. In addition to the enhanced cytotoxicity to tumor cells (Supplementary Figure [S6](#SM0){ref-type="supplementary-material"}), which was consistent with literature [@B17], [@B18] using lipid nanoparticles, we were particularly interested in the M2 macrophage toxicity. When TRAIL was conjugated to nanogolds, enhanced cytotoxicity was observed in M2 macrophages, but not in M1 macrophages or normal cells. The cell viability of endothelial cells even slightly increased after TRAIL or G30T treatment at higher concentrations. The increased cell viability may probably be ascribed to the activation of the Akt and ERK pathways in endothelial cells, which was reported to be promoted by TRAIL [@B30]. Meanwhile, higher levels of apoptotic signals were induced in M2 macrophages by the nanogold-TRAIL complexes. Moreover, we observed that nanogold-TRAIL complexes promoted the activations of caspase-8 and caspase-3 and increased more cell populations in the sub-G1 phase than TRAIL. These phenomena may be attributed to the multivalent property of nanogold-TRAIL complexes, by which it could increase the binding affinity of TRAIL and death receptor activation in M2 macrophages. In fact, normal cells and M1 macrophages having rather lower *O*-glycosylation and affinity to TRAIL were resistant to the nanogold-TRAIL complex-induced cell death. We further analyzed the gene expressions of *TRAIL-R3* and *TRAIL-R4*, which were decoy receptors of TRAIL. The gene expressions of TRAIL-R3 and TRAIL-R4 were equal in M1 and M2 macrophages (Supplementary Figure [S7](#SM0){ref-type="supplementary-material"}). Since the nuclear localization of DR5 reduces the TRAIL-induced cell death of human tumor cells [@B31], the mechanism of TRAIL sensitivity for M1 and M2 macrophages requires further investigation.

Nanoparticle-protein conjugation has various applications in sensing, imaging, delivery, catalysis, and therapy by protein structure and activity [@B32]. Therefore, the characteristics of the nanoparticle-protein interface, which control the protein orientation on the nanoparticle, is of great importance. In this study, we used citrate-capped nanogolds of different sizes (3-30 nm) to conjugate TRAIL proteins. The enhanced cytotoxic effects were more pronounced for nanogold of 30 nm diameter. Literature has shown that engineered nanoparticles of well-defined sizes can selectively induce membrane receptor distribution and alters the downstream signaling [@B23]. Since death receptor clustering on cell membrane is a key factor to promote the DISC activation and apoptosis pathways, nanogold-TRAIL complexes having multiple binding elements with death receptors may induce more intensive death receptor aggregation in M2 macrophages than TRAIL alone. Meanwhile, other surface properties are critically important. After conjugation with SPIO or nanogold prepared from a different process, the nanoparticle-TRAIL complex was not as effective. In particular, SPIO-TRAIL complex even reduced the cytotoxicity of TRAIL. These results may be associated with distinct protein configuration on the nanoparticles. Judging from our data, it appeared that the conjugated complex with less negative surface charge may be more bioactive. As conjugation often affects the protein structure and bioactivity, the TRAIL structure on different nanoparticles may be the dominant factor for cell signaling and deserve further investigations.

DISC formation is important to transmit TRAIL death signals. However, the above mechanism failed to trigger TRAIL-DISC-initiated cell death signals in TRAIL-resistant NSCLC cells [@B33]. Here, we observed that TRAIL-nanogold conjugates successfully induced cytotoxicity in TRAIL-resistant A549 lung cancer cells. Since death receptor clustering on cell membrane is a key factor to promote DISC activation, nanogold-TRAIL complexes having multiple binding elements with death receptors may induce more intensive death receptor aggregation than TRAIL in TRAIL-resistant cells, leading to enhanced cytotoxicity [@B17], [@B18]. Combining the effects on tumor cells and TAMs, the nanogold-TRAIL complexes may have a significant impact on the conceptual designs of developing new nanomedicines for cancer treatment, in particular for applications in ligand-based cancer therapy.

Conclusion
==========

Nanogolds conjugated with multiple ligands (i.e. nanogold-TRAIL complexes) were utilized in this study to modulate the activation of membrane receptor (i.e. TRAIL receptor) to affect downstream cell signals of tumor-associated M2-polarized macrophages. The structure of nanogold-TRAIL complexes comprised nanogolds as the core to crosslink multiple TRAIL for exhibition of multivalent property. Using this approach, TRAIL signals could be selectively enhanced to increase the apoptosis of M2 macrophages by high *O*-glycosylation levels. The multivalent nanogold (30 nm)-TRAIL complexes induced significant cytotoxicity (30 folds) in M2 macrophages compared to TRAIL, via caspase-dependent pathways. This new finding will have a significant impact on developing new nanomedicines for TAM-based cancer treatment in particular for applications in TRAIL- or other ligand-based cancer therapy.
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![Characterization of polarized macrophages. (A) The morphologies of polarized macrophages after incubation with LPS/IFN-γ or IL-4/IL-13 for 48 h. The scale bar represents 20 μm. (B) The protein expressions of CD markers for M1 macrophages or M2 macrophages after incubation with LPS/IFN-γ or IL-4/IL-13 for 48 h. (C, D) The protein expressions of cytokines for M1 macrophages or M2 macrophages after incubation with LPS/IFN-γ or IL-4/IL-13 for 48 h. \**p* \< 0.05, among the indicated groups.](ntnov01p0326g001){#F1}

![The cytotoxicity and affinity of TRAIL in polarized M1 and M2 macrophages by *O*-glycosylation. (A) Cell morphology of polarized M1 and M2 macrophages after TRAIL (250 ng/ml) treatment for 24 h. Scale bar = 50 μm. Mock indicated the untreated group. (B) The viability of polarized M1 and M2 macrophages after TRAIL (250 ng/ml) treatment for 24 h. (C) The mRNA expressions of *DR4* and *DR5* for M1 and M2 macrophages. (D) The affinity of M1 and M2 macrophages to TRAIL molecule after incubation with TRAIL (250 ng/ml) for 2 h. The relative protein expression was quantified by the software ImageJ. (E) The gene expression of *GLANT14* and*FUT6* in M1 and M2 macrophages. (F) The levels of *O*-GlcNAc proteins for M1 macrophages or M2 macrophages by flow cytometry. Each bar represents the means of three determinations ± SD. \**p* \< 0.05, among the indicated groups.](ntnov01p0326g002){#F2}

![The properties of nanogold-TRAIL complexes. (A) TEM images of nanogolds with different sizes. Scale bar = 50 nm. (B) Spectroscopic detection of the absorption peak for different sizes of nanogolds before and after TRAIL binding. (C) M2 macrophages were treated with different nanogold-TRAIL complexes respectively for 24 h. The TRAIL concentration was 500 ng/ml. Each bar represents the means of three determinations ± SD. \**p* \< 0.05, among the indicated groups.](ntnov01p0326g003){#F3}

![The cytotoxicity of G30T in various types of cells. (A, B) The viability of M1 and M2 macrophages after treatment with various concentrations of TRAIL (15.6 to 4000 ng/ml) or G30T (15.6 to 2000 ng/ml) for 24 h. The corresponding gold amount in the latter was 0.156 to 20 μg/ml. (C, D) The viability of fibroblasts and endothelial cells after treatment with various concentrations of TRAIL or G30T (62.5 to 4000 ng/ml) for 24 h. The corresponding gold amount in the latter was 0.625 to 20 μg/ml.](ntnov01p0326g004){#F4}

![The nanogold-TRAIL complexes induced apoptotic signals in M2 macrophages. (A) M2 macrophages treated with the same dosage of TRAIL (250 ng/ml) or G30T were subjected to the caspase activity assay. Mock indicated the untreated group. (B) The immunofluorescence of VB-48 (live stain) and PI (dead stain) in M2 macrophages after the treatment by TRAIL or G30T for 4 h. Scale bar = 50 μm. (C) Plots of VB-48 intensity versus PI intensity in M2 macrophages after the treatment by TRAIL or G30T treatment for 4 h. (D) The average population percentage of cells with low VB-48 staining intensity (unhealthy cells). (E) Quantification of DNA for M2 macrophages after the treatment by TRAIL or G30T treatment for 6 h. (F) The average percentage of cell population in sub-G1 phases. Each bar represents the means of three determinations ± SD. \**p* \< 0.05, among the indicated groups.](ntnov01p0326g005){#F5}

![The enhanced TRAIL cytotoxicity was dependent on the choice of core nanoparticles for conjugation. (A) The cell morphology of M2 macrophages after TRAIL, SPIO-T, and G3T treatment (250 ng/ml) for 24 h. Scale bar = 50 μm. (B) The relative viability of M2 macrophages after TRAIL, SPIO-T, and G3T treatment (250 ng/ml) for 24 h. (C) The relative viability of M2 macrophages after TRAIL, G30T, and GNT30T treatment (250 ng/ml) for 24 h. Each bar represents the means of three determinations ± SD. \**p* \< 0.05, among the indicated groups.](ntnov01p0326g006){#F6}
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